Author: Oscar Lépez Sanchez
Director: Jestis Doval Gandoy

Electronics Technology Department, Vigo University,
9 January 2009

Dissertation sul.)mitted f.or the d<-.3gree of‘ .
European Doctor of Philosophy in Electrical EnglneerlnD

<O» <Fr «=r» <= E VAR



mailto:olopez@uvigo.es
mailto:jdoval@uvigo.es
http://www.dte.uvigo.es
http://www.uvigo.es
mailto:olopez@uvigo.es
http://www.dte.uvigo.es
htpp://www.uvigo.es

Space Vector Pulse-Width Modulation for Multilevel Multiphase Voltage-Source Converters

Outline

@ Introduction
© Per-Phase Redundancy in Multilevel Converters
© Implementation of Multilevel SVPWM Algorithms

@ Multilevel Multiphase SVPWM Algorithm

© Multilevel Multiphase SVPWM Algorithm With Switching State
Redundancy

@ Conclusions

Oscar Lépez Sanchez DTE, Vigo University 2 of 59


mailto:olopez@uvigo.es
http://www.dte.uvigo.es
htpp://www.uvigo.es

Outline

o Introduction
@ Multilevel Multiphase Motor Drives
@ Space Vector PWM
@ Objectives

Q Per-Phase Redundancy in Multilevel Converters
o Implementation of Multilevel SVPWM Algorithms
o Multilevel Multiphase SVPWM Algorithm

© Multilevel Multiphase SVPWM Algorithm With Switching State Redundancy

@ Conclusions D I :

«40>» «Fr» «=» «

Mnl
Y
N
0
i



mailto:olopez@uvigo.es
http://www.dte.uvigo.es
htpp://www.uvigo.es

Space Vector Pulse-Width Modulation for Multilevel Multiphase Voltage-Source Converters
Introduction
Multilevel Multiphase Motor Drives

Multilevel Multiphase Motor Drives

Multilevel converters have: Multiphase machines have:
@ High voltage capability with @ Higher efficiency.
voltage limited devices. @ Improved reliability and greater
@ Low harmonic distortion. fault tolerance.
@ Reduced switching losses. @ Higher torque density and
@ Increased efficiency. reduced torque pulsations.
@ Good electromagnetic © Lower per phase power
compatibility. handling requirements.
Multilevel multiphase motor drives combine
the benefits of both technologies.
Pag.
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Space Vector Pulse-Width Modulation for Multilevel Multiphase Voltage-Source Converters
Introduction
Space Vector PWM

Space Vector PWM

Space vector PWM problem

Two-level SVPWM  Multilevel SVPWM
Three phase Well studied Solved
Multiphase Partially solved! Not solved?

1Solved for five, seven and nine phases.

2Classical graphical tools become cumbersome in multiphase systems.
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Space Vector Pulse-Width Modulation for Multilevel Multiphase Voltage-Source Converters
Introduction
Objectives

Objectives

Solve the multilevel multiphase SVPWM problem:

e Standard multilevel topologies.
e Any number of levels.

e Any number of phases.

e Low computational cost.

@ Online hardware implementation.

Pag.
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Space Vector Pulse-Width Modulation for Multilevel Multiphase Voltage-Source Converters
Per-Phase Redundancy in Multilevel Converters
Switching State Redundancy

Switching State Redundancy

Capability of power converters to produce the same output voltage
with different switching states:

Joint-phase redundancy
@ Refers to all phases
@ Same phase-to-phase voltage

@ Only in converters with floating neutral

Per-phase redundancy
@ Refers to one phase
@ Same phase-to-neutral voltage

@ Only in some multilevel topologies

Pag.
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Space Vector Pulse-Width Modulation for Multilevel Multiphase Voltage-Source Converters
Per-Phase Redundancy in Multilevel Converters
Multilevel Topologies

Diode-Clamped Converter

Vie =~
Vae = TF TF TF TP VR ok
0 0 0 0 0 0
—_ 0 0 Vg 1
L 1 1 0 0 2Vy 2
Vae == 1 1 1 0 3Vy 3
1 1 1 1 4V, 4
Vi T

Five-level converter
Pag.
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Space Vector Pulse-Width Modulation for Multilevel Multiphase Voltage-Source Converters

Per-Phase Redundancy in Multilevel Converters
Multilevel Topologies

Flying Capacitor Converter

fel
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1

. 0

== Ve 0

= Vi 0
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_ = Ve 1
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-~ Vdec . 0

= Vi 0

== Vi 0
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0

Five-level converter L
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Space Vector Pulse-Width Modulation for Multilevel Multiphase Voltage-Source Converters

Per-Phase Redundancy in Multilevel Converters
Multilevel Topologies

Cascaded Full-Bridge Converter

Tr Ti, Th
0 0 1
1 0 1
‘ 0 1 1
1, Tt 0 0 0
de Tk _I 0 O 1
13 1 1 1
1 0 0
1 0 1
Th Thd 0 1 0
eV 0 1 1
'|' 7 74 0 0 0
1 1 0
. 1 1 1
Five-level converter 1 . @
(Two cells) 0 1 0
1 1 1
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Space Vector Pulse-Width Modulation for Multilevel Multiphase Voltage-Source Converters
Per-Phase Redundancy in Multilevel Converters
Number of Redundant Switching States

Number of Redundant Switching States

Output voltage Number of redundant states
Vsk Rd(vsk)
Diode clamped 0" Ve 1
Nk —1)!
Flying capacitor vsFV, (
y g p S dc (Nk—’l)sk—l)' ’Usk!
k
Cascafied 0V (2B")!
full-bridge ¢ (BF — v M) (BE + v k)
Functional V.*= Output voltage
diagram vs" = Output level
A Vi = Voltage step
P N* = Number of levels
ag.
16,20,23 : BF = Number of cells
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Space Vector Pulse-Width Modulation for Multilevel Multiphase Voltage-Source Converters
Implementation of Multilevel SVPWM Algorithms
Multilevel Three-Phase SVPWM Algorithms

Compared Space Vector PWM Algorithms

3D SVPWM algorithm 2D SVPWM algorithm

v

by Prats et al. [81] by Celanovic et al. [72]

@ Any number of levels
o Vi =uvsVy, ws€Z > Standard multilevel topologies

P3a2g' @ Low computational cost
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Space Vector Pulse-Width Modulation for Multilevel Multiphase Voltage-Source Converters
Implementation of Multilevel SVPWM Algorithms
Hardware Implementation

Neutral-Point Clamped Inverter

pa2-| pb2-|
g 3 el F e

=
1l
1
\|
1

T X 5 (% o2
na1-| nb1-|

1+

\|

Vdc -

@ Described in VHDL

@ Implemented in a FPGA
Pag.
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Space Vector Pulse-Width Modulation for Multilevel Multiphase Voltage-Source Converters

Implementation of Multilevel SVPWM Algorithms

Hardware Implementation

Implementation of the 3D SVPWM Algorithm

( 10 Mz FPGA
fieq S |
Td 8 ‘
>—%— f:
IE S T 10 t PWM4
Pclk
Td -
dead_time
3DSVM > L J L ok
Va1 Va1 Td
Vb1 2 Vb1 L
Vet 2 Vet pal
2 PWMa1 al
Va2 Va2 nal
ARV Vb2 2 Vb2 PWMa2 2 pa2
E} a
qeabe 10 v Ve2 2 Ve2 na2
a
va & Va3 2 Va3 pb1
Vb Vb 2 PWMb1 b1
10 Vo Vb3 Vb3 nb1
Ve Ve3 2 Ve3 pb2
2 PWMb2 b2
Vad Va4 nb2
Vb4 2 Vb4 pct
2 PWMc1 cl
Vca Vca nct
T 8 T pc2
8 PWMc2 c2
T2 T2 nc2
P T3 § T3
ag. T4 8 T4
34\
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Space Vector Pulse-Width Modulation for Multilevel Multiphase Voltage-Source Converters
Implementation of Multilevel SVPWM Algorithms
Hardware Implementation

Implementation of the 2D SVPWM Algorithm

Ve
10 MHz FPGA
freq L)
Td §
>—%—f -
[fs_ i 19 PWM3 dead_time
Ltclk clk
Td Td
gh2abc T
L o L o
Va1 2 Va1 pal
Vg1 2 PWMa1 a1
Vb1 Vb1 nat
2DSVM VR e 2 1vet M2 ) pa2
a. a
Vg1 3 Va2 2 2 na2
9 Vg2
Vh1 Vb2 2 {vp2 pb1
3 vho 5 PWMb1 b1
Vg2 Ve2 Ve2 nb1
11 Vh2 g Va3 2 a3 pb2
Vg Vg3 PWMb2 b2
1 Vg3 Jﬂ; Vb3 2 b3 nb2
Wiy Vh3 |7 Vhs Vel 2 Ve3 pct
8 ) 8 PWMc1 cl
T1 T1 T1 T1 nct
T2 8112 T2 4 pc2
8 ) 8 PWMc2 c2
nc.
T3 T3 T3 2
-
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Space Vector Pulse-Width Modulation for Multilevel Multiphase Voltage-Source Converters
Implementation of Multilevel SVPWM Algorithms
Experimental Results

Experimental Setup

Diagram

DSPACE FPGA
Vd, Vi

. Vg, 6
e e >
e

clk_fs

Control | +————| SVPWM

fS—J Motor
150 v—l—_:E 4:}
|

Optical
link

Trigger
signals

150 V NPC

inverter

e DSPACE DS1103 PPC Controller Board.
e X(C35200 FPGA.

@ Three-phase three-level neutral point clamped inverter.

Pag. @ Three-phase induction motor with floating neutral.
44
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Space Vector Pulse-Width Modulation for Multilevel Multiphase Voltage-Source Converters
Implementation of Multilevel SVPWM Algorithms
Experimental Results

Experimental Setup
Photograph
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Space Vector Pulse-Width Modulation for Multilevel Multiphase Voltage-Source Converters
Implementation of Multilevel SVPWM Algorithms
Experimental Results
Measurements
Sinusoidal Reference
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Space Vector Pulse-Width Modulation for Multilevel Multiphase Voltage-Source Converters
Implementation of Multilevel SVPWM Algorithms
Algorithms Comparison

Algorithms Comparison

3D SVPWM algorithm 2D SVPWM algorithm
@ Does not take advantage of @ Takes advantage of joint-phase
joint-phase redundancy redundancy

@ Floating and grounded neutral

@ Modulation index [0, 1]

Floating neutral
Modulation index [0,1.15]

@ Sorted switching vector
sequence

Unsorted space vector sequence

Difficult to find switching
@ Low computational cost vector sequence from space

@ Easy to implement vector sequence

Pag.
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Space Vector Pulse-Width Modulation for Multilevel Multiphase Voltage-Source Converters
Implementation of Multilevel SVPWM Algorithms

Algorithms Comparison

Algorithms Comparison

3D SVPWM algorithm

2D SVPWM algorithm

Pag.
46

Oscar Lépez Sanchez

@ Does not take advantage of
joint-phase redundancy

@ Floating and grounded neutral

@ Modulation index [0, 1]

@ Sorted switching vector

sequence

@ Low computational cost

@ Easy to implement

Takes advantage of joint-phase
redundancy

Floating neutral
Modulation index [0,1.15]
Unsorted space vector sequence

Difficult to find switching
vector sequence from space
vector sequence

Without-redundancy SVPWM problem > Unique solution
With-redundancy SVPWM problem > Multiple solutions
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Space Vector Pulse-Width Modulation for Multilevel Multiphase Voltage-Source Converters
Multilevel Multiphase SVPWM Algorithm
Formulation

P-Phase SVPWM Formulation

Multilevel multiphase converter:

i Phase 1 Phase 2 Phase k Phase P H
! T " " T 1
| : : : g I
V| 2— 12— 12— +2— -
= +1—¢® " H1—¢® " e L
: () —e ~—o )— ot - - - )—~—oa— - - - 0)—e ~——o :
L —1—"2.. —1—"2, .. —1—"2 .. -1—* ||
! . . . . !
=== -~ =
1 H H : : 1
1 1

Formulation in a P-dimensional space:

1, 2 PT P
vy =[vp 0%, ] ER
12 P1T P
- Vsj = [UsjsVsjs--- ,Us; | €Z
50

Oscar Lépez Sanchez DTE, Vigo University 23 of 59


mailto:olopez@uvigo.es
http://www.dte.uvigo.es
htpp://www.uvigo.es

Modulation Law

P+1 P+1

Vv, = Z Vst where Z tj=1
j=1 i=1

(
M

Pag.
51

«40>» «Fr» «=» <«

it
Y
N
0
i


mailto:olopez@uvigo.es
http://www.dte.uvigo.es
htpp://www.uvigo.es

Modulation Law

P+1 B
vy = Z Vst where Z -
j=1 >
T 1T r 1 1 1 |
1 1 | | |
Up Us1 Vsy ... ,USP+1
2 | 2 tz
v | = |VsT Ush .. UsPy .
: . | . tP
P : P P +1
| Uy ] LUs1 VUsp ... USP+1-
Unknown!
(=] (= N i :E -
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Space Vector Pulse-Width Modulation for Multilevel Multiphase Voltage-Source Converters
Multilevel Multiphase SVPWM Algorithm
Formulation

Decomposition

MULTILEVEL TWO-LEVEL

o Swithing vectors (V) ® Displaced vectors (V)

Multilevel Two-level
multiphase = Displacement + multiphase
SVPWM SVPWM
Pag.
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Space Vector Pulse-Width Modulation for Multilevel Multiphase Voltage-Source Converters
Multilevel Multiphase SVPWM Algorithm
Formulation

Displacement
SVPWM ¢ .
N levels vy >
P ph 1
pases SVPWM [ =G Va1
2 levels () >Vs2
P phases : -+
Vdi 4y Vi
oo AP

Vr

v; = integ(v,) € Z'  Integer part of the reference

V=V, —V; € R” Fractional part of the reference
va; = f(vy) Displaced switching vector sequence
ti = f(vy) Switching times
Pag. Vsj = Vi + Vgj € Z¥  Switching vector sequence
52

Oscar Lépez Sanchez DTE, Vigo University 26 of 59


mailto:olopez@uvigo.es
http://www.dte.uvigo.es
htpp://www.uvigo.es

Space Vector Pulse-Width Modulation for Multilevel Multiphase Voltage-Source Converters
Multilevel Multiphase SVPWM Algorithm
Formulation

Two-Level SVPWM

SVPWM 1 P 1
2 levels
P phases |:Vf:| D:IE [{’f:|
IR | A Ny
] (]
vy c— o
v ———> V1
 e— — |
— [u] > Vd2
N|-=EE]-* s
=} =} 8 :
o /3
pT ——————> Vdp41
P = f(vy) Permutation matrix — Sort components of v
D=P™D Displaced switching vectors

D = (constant)  Upper triangular matrix made with ones
Pag. N i . o .
53 t; =04’ Lo vy Switching times
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Space Vector Pulse-Width Modulation for Multilevel Multiphase Voltage-Source Converters

Multilevel Multiphase SVPWM Algorithm
New Space Vector PWM Algorithm

Algorithm Step List

Normalize the reference v,

0

Decompose the normalized
reference into its integer part v;
and its fractional part vy

Calculate the permutation
matrix P

Calculate the matrix D

Extract the displaced switching
vectors v4; from matrix D

Obtain the final switching
vectors Vs

© 0 060 O

Calculate the switching times ¢;

Pag.
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'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'

Norm:
the re

ference
SVPWM t
N levels Decompose
P phases the reference
SVPWM

2 levels Sort the integer part
P phases of the referen
Rearrage columns
of the ma

Calculate
switching times

Calculate
switching vectors

Generate
trigger signals
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Space Vector Pulse-Width Modulation for Multilevel Multiphase Voltage-Source Converters
Multilevel Multiphase SVPWM Algorithm
New Space Vector PWM Algorithm

Algorithm Features

@ Valid for the standard multilevel topologies.
@ Any number of levels.
@ Any number of phases.
@ Sorted switching vector sequence > Minimizes number of
switchings.
@ Low computational complexity > Real-time implementation.
@ Modulation index range:
0< ‘/fund < N -1
- Vi T 2
@ Does not takes advantage of joint-phase redundancy.
Pag. @ For converters with and without floating neutral.

59
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Space Vector Pulse-Width Modulation for Multilevel Multiphase Voltage-Source Converters
Multilevel Multiphase SVPWM Algorithm
Experimental Verification

Experimental Setup

Diagram

dSPACE FPGA
e
e
O |—
: Trigger
Control |— —» | SVPWM || S

T R L

dc link Inverter Load

e DSPACE DS1103 PPC Controller Board

e XC35200 FPGA

@ Five-level five-phase cascaded full-bridge inverter
bag. @ RL load with grounded neutral
61
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Space Vector Pulse-Width Modulation for Multilevel Multiphase Voltage-Source Converters
Multilevel Multiphase SVPWM Algorithm
Experimental Verification

Experimental Setup
Photograph
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Space Vector Pulse-Width Modulation for Multilevel Multiphase Voltage-Source Converters
Multilevel Multiphase SVPWM Algorithm
Experimental Verification

Five-Level Five-Phase Inverter

V. V. V.© V., V.©

FB® FB' FB' FB' B’
I = = =

FB" FB" FB" FB" FB"

] ] ]
_#% %
m=

L3
B = Vi== . -
@i <
Pag.
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Space Vector Pulse-Width Modulation for Multilevel Multiphase Voltage-Source Converters
Multilevel Multiphase SVPWM Algorithm
Experimental Verification

Experimental Measurements
Pure Sinusoidal Reference

Tek i i Stop M Pos: 0.000s MEASURE Tek 1L i Stop M Pos: 0,0005 Harrnanics
hd CH2 THO-F 381%
WAMS 2273y DR 381% Source
Harrnonic: [
CyEHﬂzMS Freg  S0dHz  %Fund  1000%
Arays hRMS 22TV ¢ 0.00°
CH3
24! Cyr AMS
230
CH4 Off
a0 /\\J/-\\./ Maone
Save
____________ Harrnonics
205 4 5 6 7 & 3 10 11 12 15 HMO000.CEY
CH2 S0.0YE) M 5.00ms Ext / 0.00% CH2 A00YEy M 10.0ms CH2 7 =100
CH3 500y 24-May-07 1757 S0.0791Hz CH3 100y 26-May-07 1854 S0.0464Hz

@ Switching frequency: 10 kHz

Ch2: Filtered leg voltage V3¢

e Fundamental frequency: 50 Hz Ch3: Leg current I ®
e @ Fundamental amplitude: A, = 1.8V,
61
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Space Vector Pulse-Width Modulation for Multilevel Multiphase Voltage-Source Converters
Multilevel Multiphase SVPWM Algorithm
Experimental Verification
Experimental Measurements

Pure Sinusoidal Reference With Third Harmonic Injection

Tek . @ Stop M Pos: 0.000s MEASURE Tek I @ Stop M Post 0.0005 Harmonics
+ CH2 THO-F  141% Saurce
WORME 2234y THO-R 13.9%
Harmaonic: §
CyEHFfMS Freq  150Hz  SFund  1380%
EApNe hRMS  313M b 324°
CH3
24 Cye AMS
220m
CH4 Off
S’W o
Save
— . __________ Haimanics
Fnd 2 B 4 5 6 7 & 3 10 11 12 13 HMO000.C3¥
CH2 S0.0YE) M 5.00ms Ext / 0.00% CH2 A00YEy M 10.0ms CH2 .~ =57 4mY
CHS S00rnABy 24-May-07 1811 S0.0791Hz CH3E 100rmdEy 28-May-07 13:09 S005EEHz

@ Switching frequency: 10 kHz

Ch2: Filtered leg voltage V;“
e Fundamental frequency: 50 Hz Ch3: Leg current [,
@ Fundamental amplitude: A; = 1.8V,

Pag. @ Third harmonic amplitude: A3 = 0.3V,

61
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Space Vector Pulse-Width Modulation for Multilevel Multiphase Voltage-Source Converters
Multilevel Multiphase SVPWM Algorithm
Application to Three-Phase Converters

Application to Three-Phase Converters

General technique > Can be used with three-phase converters J

Three-leg converters:
e P=3
@ Same as the 3D SVPWM algorithm by Prats et al. [81]

Four-leg converters:
e P=14
e New four-dimensional SVPWM algorithm

Pag.
63,74
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Outline

e Multilevel Multiphase SVPWM Algorithm With Switching State Redundancy
@ Formulation
@ New Multilevel Multiphase SVPWM Algorithm With Switching State
Redundancy
@ Experimental Verification
@ Application to Three-Phase Converters
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Formulation

Multiphase System With Floating Neutral

i}

Inverter Load

Phase current:

1k V' Dy v,z

- zk P zkzi

Non-homopolar component of the output voltage:

- vievze...4Lv.FP
Pag. ng:‘/sk— S + S + + S
92 P
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Modulation Law

l l
V= Z\?Sjtj, where th =1
j=1 j=1

& ic

<O» <Fr «=r» <= E VAR



mailto:olopez@uvigo.es
http://www.dte.uvigo.es
htpp://www.uvigo.es

Modulation Law

[ 1] ! 1 17 ;
~ 1 ~1 0 ~1 ~ 1 1
Up Usq Vso coo Usl t2
~ 2 ~ 2 ~2 ~ 2
Ur = | Us1 Usy ... Vg
: "
~ P ~P ~P P
| Ur™ Us1 Uso Vsy |
Pag. 1759? € R > Previous SVPWM method cannot be applied
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Formulation

Equivalent Modulation Law

Non-homopolar component 7
Projection onto the plane
Fivgt 4 +u P =0
along the vector
u=[11,..., 1T

Pag.
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Formulation

Equivalent Modulation Law

Non-homopolar component 7
Projection onto the plane
Fivgt 4 +u P =0
along the vector
u=[11,..., 1T

Equivalent modulation law

New projection plane

vl =0

Pag.
94
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Equivalent Modulation Law
Space vectors: w,

k_, k P k_, k P
U T Wsj = Usj — Usj

P P
Wy = E WejTj, where E T =1
j=1 j=1

u]
‘ o]
n
it
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Formulation

Equivalent Modulation Law

Space vectors: w,* = v,k — v, wsf = Usf - Usf
P P

W, = g WejTj, where g T =1
7j=1 Jj=1

Matrix formulation

1T .t 1 e 1 7
1 1 1 1 T1
Wy Ws] Weg -+ Wsp .
2 2 2 2
w2 | = | ws? Wey - Wsp
P-1 P-1 P—1 p—1| LTP
L w7 | W Wey ceo Wep
o
Pag.
94 wsf € Z > Previous SVPWM method can be applied
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Multilevel Multiphase SVPWM Algorithm With Switching State Redundancy
Formulation

Space Vector Sequence

SVPWM algorithm without redundancy:

SVPWM - .
N levels Wy v

P-1 phases 1 w

w s1
1| SVPWM [ =G
2 levels >0 > W9
P—1 phases g +4
W

Ty Wy
N —
. eee
Wy

Output: Space vector sequence + Dwell times

Wsj =w; +wg; — Ty
Translation into: Switching vectors + Switching times

KL vij = Tywsj +nu — ¢
Oscar Lépez Sanchez

DTE, Vigo University
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Formulation

Joint-Phase Redundancy
vs(n,j) = Tywg; + nu

Switching vectors arranged in a table:

P=5| j=1 j=2 j=3 j=4 j=5

Ws1 Ws2 Ws3 Ws4 Ws5
0 w@dD) w32 w33 w4 w@5)
o wB) w®32) wG3) wGd) wds)
o2 w2l w22 w23 wZd wb)
n=1 wv(1,1) wv(1,2) wv(1,3) wvs(1,4) wvs(1,5)
n=0 v(0,1) vs(0,2)

vs(0,3) vs(0,4) vs(0,5)

Pag @ At least one vector must be selected from each column
98 @ Minimize switching losses > Sequence with adjacent vectors
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Formulation

Selection of Switching Vectors

Adjacent vectors string nj  vs(n,j)

33 = 2.43,52"
32 FEBE)= 1.4,35,2"
31 = 1.4342"
25 RE@EI=[ 1,4,2,42]"
24 @@= 1,3,2,4,2"
23 FI@\)=1 1,3,2,4,1]"
22 F@2)=1 0,3,2,4,1]"
21 R@E= 0,3,2,3,1]"
15 M(1,5)=[ 0,3,1,3,1]F
14 (1,4 =[ 0,2,1,3,1]F
13 w(1,3)=] 0,2,1,3,0]"
12 vs(l 2) =[-1,2,1,3,0]"

Pag. -
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Formulation

Selection of Switching Vectors

Adjacent vectors string nj  vs(n,j)
Select P consecutive 3 ¢ :
switching vectors 33 FEEE= 2.4 3,5,2];
in the string 32 NEBRBJ=( 1,435,
31 FEEE=] 1.4,3,4,2]"
25 REE)=[ 1,4,2,4,2]"
24 = 1.3.242"
23 = 13241
22 = 0.3241]"
21 = 0.3.231]"
15 FEE@SI=[ 0,3,1,3,1]"
14 (1,4 =[ 0,2,1,3,1]F
13 w(1,3)=] 0,2,1,3,0]"
12 w(1,2) =[-1,2,1,3,0]F
Pag. . :
98 |
Oscar Lépez Sanchez DTE, Vigo University 43 of 59


mailto:olopez@uvigo.es
http://www.dte.uvigo.es
htpp://www.uvigo.es

Selection of Switching Vectors

nj  vs(n,j)
Select P consecutive s : -
switching vectors )’ :); V‘“E%‘f; B } fl)‘ ""f: :
: : 32 FBE)= 1,4,3,5.2
in the string 51 B 14547
25 @)= 1,4,2,42"
24 = 1.3242"
23 = 1.3241]"
22 = 03241
21 = 0.3.2,3,1]"
15 FE@S)=[ 0,31,31]"
14 w(1,49)=][ 0,2,1,3,1]"
13 w(1,3)=[ 0,2,1,3,0]"
12 (1,2 = [71.2.1.:5,1),‘
Pag. ) :
98
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Space Vector Pulse-Width Modulation for Multilevel Multiphase Voltage-Source Converters
Multilevel Multiphase SVPWM Algorithm With Switching State Redundancy
Formulation

Selection of Switching Vectors

Adjacent vectors string g nj vs(n,j)
Select P consecutive
switching vectors
in the strin
& 4 amax=14 31 = 1.4342"
13 25 REEE)=[ 1.4,2,4,2]"
; 12 24 =[ 1,3,2,4,2]"
New ¢ index: . -7 : 2.5 ]T
11 23 = 1.3241]
_\F k o 11T
q = =1V} 10 22 - 0,3,2,471]T
/ 9 21 = 03,231
Boundaries: 8 15 RIE@S=[ 0,31,3,1]"
— T
Qmin = f(len) 7 14 V8(174) - [ 0’27133a 1]T
Qmin= 6 13 Vs(1,3) = [ 0,2, 1,3,0]
Qmax — f(Nmax)
Pag.
98 |
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Space Vector Pulse-Width Modulation for Multilevel Multiphase Voltage-Source Converters
Multilevel Multiphase SVPWM Algorithm With Switching State Redundancy
New Multilevel Multiphase SVPWM Algorithm With Switching State Redundancy

Block Diagram of the Algorithm

SVPWM Modulation
N levels strategy
P phases .
Nmax Gmax {q } o000 {]m, }
|, mht 2 i
oin im}
Vi,
{wd } ¢ > {Vsm,}
Transformation| integ =
“yYwy Inverse
OoO—> .
+ { } transformation
T
z % > {tm}
SVPWM
(2 levels, P-1 phases) Selection
Pag.
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Space Vector Pulse-Width Modulation for Multilevel Multiphase Voltage-Source Converters
Multilevel Multiphase SVPWM Algorithm With Switching State Redundancy
New Multilevel Multiphase SVPWM Algorithm With Switching State Redundancy

Algorithm Features

@ Valid for the standard multilevel topologies.

@ Any number of levels.

@ Any number of phases.

@ Sorted switching vector sequence > Minimizes number of
switchings.

@ Low computational complexity > Real-time implementation.

@ Modulation index range:

‘/}und< N -1

0< < -
Vie 2cos 5p

@ Takes advantage of switching state redundancy.

F;;i @ For converters with floating neutral.
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Space Vector Pulse-Width Modulation for Multilevel Multiphase Voltage-Source Converters
Multilevel Multiphase SVPWM Algorithm With Switching State Redundancy
Experimental Verification

Experimental Setup

Diagram

dSPACE FPGA
e
e
[ p—
: Trigger
Control | ——» | SVPWM || S

T AR

dc link Inverter Motor

e DSPACE DS1103 PPC Controller Board.

e XC35200 FPGA.

@ Five-level five-phase cascaded full bridge inverter.
bag. @ Five-phase induction motor, floating neutral.

108
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Experimental Verification

Experimental Setup
Photograph

Pag.
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Space Vector Pulse-Width Modulation for Multilevel Multiphase Voltage-Source Converters

Multilevel Multiphase SVPWM Algorithm With Switching State Redundancy

Experimental Verification

Five-Level Five-Phase Motor Drive

Pag.
108

Oscar Lépez Sanchez

v, v.! V.© V!
FB' :l FB' :l FB' :l FBY :l FBY
FB' : FB' h FB' : FB' H B’
L
Motor

FBY

Il
5
]
1
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Experimental Verification

Experimental Measurements
Leg Voltage

Tek i Trig'd M Pos: 0.000s MEASURE Tek 1L Trig'd M Pos: 0,0005 Harrnanics
hd CH2 THO-F T3
YAMS  BRETY DR T60% Source
Harrnonic: [
Egi Freg  S0dHz  %Fund  1000%
50.20H: hRMS  88STY ¢ 0.00°
CH2
Cyr AMS
BE.2Y E
CH3 Off
24 & Mone
Save
C::ﬂiﬁ P S — Harrnonics
Wl = 5 4 5 &6 7 & 3 10 11 12 15 HMO000.CSY
CH2 100% 1 2.50ms Ext/10 7 0.00% CH2 400vEy M 10.0ms CH2 .~ 2.31Y
21-May-05 1812 S0.1177Hz 27-May-05 1813 50.1144Hz

@ Switching frequency: 10 kHz

Ch2: Filtered leg voltage V3¢

e Fundamental frequency: 50 Hz

5 @ Fundamental amplitude: A = 2.102V/,
ag.
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Multilevel Multiphase SVPWM Algorithm With Switching State Redundancy
Experimental Verification

Experimental Measurements
Phase-to-Phase Voltage

Tek i Trig'd M Pos: 0.000s MEASURE Tek 1L Trig'd M Pos: 0,0005 Harrnanics
e CHe CH2 THO-F  137%
Cyc AMS VAMS 1111 O-R 1.37% Source
LIS Harrnonic: [
Egi Freg  S02Hz  %Fund  1000%
50102 hRMS 1LY @ 0.00°
CH3
24 Cyr AMS
32EV°
NNV 2
CH4 Save
CycRM: o Harrnanics
WW 15347 203 4 5 6 7 & 3 10 11 12 15 HMODDO.CSY
CH2 100% 14 5.00ms Ext/10 7 0.00% CH2 A00%Ey M 10.0ms CH2 .~ .00y
CH3 200%  CH4 5004 19-Dec-07 14:18 S0.1177Hz CH3 20.0%  CH4 5004 19-Dec—07 1423 S0.0540Hz

@ Switching frequency: 10 kHz

Ch2: Filtered voltage V% — Vg
@ Fundamental frequency: 50 Hz Ch3: Neutral point voltage Vy,

Ch4: Phase current I;“

5 @ Fundamental amplitude: A = 2.102V/,
ag.
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Space Vector Pulse-Width Modulation for Multilevel Multiphase Voltage-Source Converters

Multilevel Multiphase SVPWM Algorithm With Switching State Redundancy
Experimental Verification

Experimental Measurements

Trajectories in dq Axes

Voltage

Current

Pag.
108
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Va3 [V]
o

]

0 100 -100

0 100
Vd3 [V]

193 [A]
o

»

1d1 [A]
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Application to Three-Phase Converters

Application to Three-Phase Converters

General technique > Can be used with three-phase converters J

Three-leg converters:
o P=3
e Extension of the 2D SVPWM algorithm by Celanovic et al. [72]

Four-leg converters:

e P=14
@ Extension of the 3D SVPWM algorithm by Franquelo et
al. [89]
Pag.
110,120
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Outline

o Introduction

o Per-Phase Redundancy in Multilevel Converters

o Implementation of Multilevel SVPWM Algorithms

0 Multilevel Multiphase SVPWM Algorithm

o Multilevel Multiphase SVPWM Algorithm With Switching State Redundancy

e Conclusions
@ Conclusions
@ Future Research

@ Contributions
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Space Vector Pulse-Width Modulation for Multilevel Multiphase Voltage-Source Converters
Conclusions
Conclusions

Conclusions |

Switching laws and per-phase redundancy in multilevel converters
@ Studied for the three standard topologies.

@ New expressions to calculate the number of redundant
switching states.

Two multilevel three-phase SVPWM algorithms compared and
implemented in a FPGA:

e 3D SVPWM algorithm by Prats et al.
e 2D SVPWM algorithm by Celanovic et al.

Pag.
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Conclusions
Conclusions

Conclusions |l

Two new multilevel multiphase SVPWM algorithms

@ Can be used with the standard multilevel topologies.

Valid for any number of phases and levels.

Suitable for real-time implementation in low-cost devices.

Implementation in a FPGA.

@ Tested with a 5-level 5-phase cascaded full-bridge inverter.

Pag.
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Conclusions
Conclusions

Conclusions I

SVPWM algorithm without switching state redundancy:
@ Not takes into account joint-phase redundancy.
e Converters with and without floating neutral.
@ Reduced modulation index range.
@ Single solution.
SVPWM algorithm with switching state redundancy:

o Takes advantage of joint-phase redundancy:

e Converters with floating neutral.

o Extend the modulation index range.

@ Multiple solutions > Possible to include a modulation strategy.
Pag.
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Oscar Lépez Sanchez DTE, Vigo University 56 of 59


mailto:olopez@uvigo.es
http://www.dte.uvigo.es
htpp://www.uvigo.es

Space Vector Pulse-Width Modulation for Multilevel Multiphase Voltage-Source Converters
Conclusions
Future Research

Future Research

e Particularize for other number of phases.
e Study the spectrum of the output voltage.

e Develop of the switching strategies to be included in the
SVPWM with switching state redundancy.

e Extend the SVPWM techniques to the overmodulation
region.

Pag.
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Conclusions
Contributions

Contributions

Major contribution:
@ Development of two algorithms that solve multilevel
multiphase SVPWM problem.

Minor contributions:
@ Expressions to calculate the number of redundant switching
states in standard multilevel topologies.
o Comparative of the hardware implementation of two multilevel
three-phase SVPWM algorithms.

Oscar Lépez Sanchez DTE, Vigo University 58 of 59


mailto:olopez@uvigo.es
http://www.dte.uvigo.es
htpp://www.uvigo.es

Author: Oscar Lépez Sanchez
Director: Jestis Doval Gandoy

Electronics Technology Department, Vigo University,
9 January 2009

Dissertation sul.)mitted f.or the d<-.3gree of‘ .
European Doctor of Philosophy in Electrical EnglneerlnD

<O» <Fr «=r» <= E VAR



mailto:olopez@uvigo.es
mailto:jdoval@uvigo.es
http://www.dte.uvigo.es
http://www.uvigo.es
mailto:olopez@uvigo.es
http://www.dte.uvigo.es
htpp://www.uvigo.es

	Introduction
	Multilevel Multiphase Motor Drives
	Space Vector PWM
	Objectives

	Per-Phase Redundancy in Multilevel Converters
	Switching State Redundancy
	Multilevel Topologies
	Number of Redundant Switching States

	Implementation of Multilevel SVPWM Algorithms
	Multilevel Three-Phase SVPWM Algorithms
	Hardware Implementation
	Experimental Results
	Algorithms Comparison

	Multilevel Multiphase SVPWM Algorithm
	Formulation
	New Space Vector PWM Algorithm
	Experimental Verification
	Application to Three-Phase Converters

	Multilevel Multiphase SVPWM Algorithm With Switching State Redundancy
	Formulation
	New Multilevel Multiphase SVPWM Algorithm With Switching State Redundancy
	Experimental Verification
	Application to Three-Phase Converters

	Conclusions
	Conclusions
	Future Research
	Contributions

	End

